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It is suggested that a nearby 0++ resonance, f0(1710) of mass mf = 1723MeV and width Γ = 139
MeV is playing a significant role in efficiently providing the strong (CP-conserving) and weak (CP-
odd) phase simultaneously in the recently observed direct CP asymmetry ∆ACP by the LHCb
collaboration. The direct CP arises by the well known penguin-tree interference wherein the virtual
b-quark in the c-u penguin is the source of the Kobayashi-Maskawa CP-odd phase, γ, in the SM. Loop
(penguin) corrections generate left-right operators enhancing coupling to the 0++ scalar resonance.
The scalar resonance is likely rich in gluonic content perhaps leading to a better understanding of
large breaking of flavor SU(3) that has been known for a long-time. Approximate calculations give
a rough understanding of the observed size of the CP asymmetry. The mechanism leads to several
interesting implications which can be experimentally studied and tested. Moreover, in an analogous
fashion to f0, 4-quark operators also generate P × P , P being a pseudo-scalar bilinear, which may
be dominated by the nearby η(1760) of width about 250 MeV that can influence final states such as
4 pi’s, η′(η)+pi++pi− etc which could exhibit CP violating triple correlation or energy asymmetries.
We also briefly discuss CP violation in radiative charm decays and suggest that simple final states
γρ and γφ are best suited for sizeable asymmetries as well as providing precise tests of the SM.
INTRODUCTION & MOTIVATION
Recently LHCb announced the exciting discovery of
direct CP violation in charm decays [1],
∆ACP ≡ [ACP (K+K−)−ACP (pi+pi−)]
= (−15.4± 2.9)X10−4 (1)
giving a 5.3 σ signal of direct CP violation in charm
decays. There are at least two reasons why it is very
important to seek a clear and quantitative understand-
ing of the origin of this asymmetry. For one thing, we
do not understand how baryogenesis arises as the SM-
CKM [2, 3] phase falls short by many orders of magni-
tude in accounting for this phenomena. Moreover, nat-
uralness arguments strongly suggest that generic type of
new physics beyond the SM should entail new CP-odd
phase(s). The importance of the naturalness reasoning
that suggests that new physics to entail new CP-odd
phase can hardly be overemphasized. In this context,
it is useful to remember the analogy with neutrino mass.
In the 70’s and 80’s neutrino oscillation searches used to
give null results because experiments in those days were
not sensitive enough to probe light enough δm2 region.
But we kept on pushing the experimental frontiers and
improving the limits as there was no good reason for the
neutrino mass to be zero. Finally that long and ardu-
ous search paid off in the 90’s. The rationale for the
quest for BSM-CP should be stronger as we have already
known for a long time that CP is not a good symmetry
of nature [4]. We simply ought to continue vigorously to
improve our bounds and our theoretical understanding.
Unfortunately accurate quantitative estimates of direct
CP asymmetries are a very difficult challenge as they in-
variably entail non-perturbative QCD dynamics.
In the case of charm decays, it is worth noting (as
will be briefly explained below) that if the hints of new
physics in semi-leptonic B decays, B → Dτ(l = e, µ)ν
are confirmed, then that new physics could entail BSM-
CP-odd phase(s) that can intervene in the processes that
are our focus.
Specifically, for D0 → K+K− and→ pi+pi− it appears
that a novel role is being played by a neighboring res-
onance, f0(1710) [5] carrying quantum numbers of the
vacuum, in communicating the essential CP-odd (weak)
and CP-even (strong) phase that are mandatory to drive
the CP asymmetry. Fortunately, the mechanism read-
ily renders several testable predictions though large data
samples will be needed. Given the LHC, LHCb run plans
and possible upgrades along with recent commissioning
of the SUPER-KEK-B factory and the Belle-II detector
with the anticipated significant increase in luminosity,
timing is rather ripe for further investigations that may
enrichen our understanding.
ESTIMATES
As is well known, in charm decays, direct CP asymme-
tries can only arise through the interference of the tree
decay amplitudes with the penguin (loop) amplitude [6].
In the SM especially in charm decays the loop is essential
as it actually allows the three generations to contribute as
is needed due to the Kobayashi-Maskawa requirement [3]
through the mechanics of the CKM-mixing matrix [7];
see Fig 1. For convenience, it is best to absorb the part
of the penguin contribution with the virtual light s and
d quarks into the tree amplitude. Thus, for Cabibbo
suppressed final states that are of interest here,
Ahh = λThh + λ
5Phhe
i[δst+ηwk] (2)
where λ = 0.2245 is the Cabibbo [2] angle in the Wolfen-
stein [8] representation, Thh is the tree amplitude aris-
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2ing from the matrix elements of the usual 4-quark left
leftXleft (LXL) operators, Q1 and Q2, and Phh is the
penguin amplitude arising from the QCD-penguin oper-
ators Q3 to Q6; for definiteness, we follow the notation
of [9] but see also [10] and [11]. Electroweak penguins are
ignored throughout as their contributions in charm de-
cays is extremely small. Amongst the penguin operators,
Q5 and Q6 are LXR and under Fierz rearrangment give
rise to scalar and pseudo-scalar operators [12]. In partic-
ular, the scalar will couple to the 0++ resonance, f(1710)
mentioned before, following the weak decay. Its width
provides a good way to encapsulate the final state inter-
action (CP-conserving) phase [13–15], δst. The penguin
also has a CP-odd phase as there is a Vub coupling in-
volved which is the source of the unitarity angle γ ≈ 73.5
degrees [5] and in here sin ηwk ≈ sin γ ≈ 0.96 and in the
resonance (f0) dominance approximation, sin δst is esti-
mated to be ≈ 0.7. The partial rate asymmetry defined
as usual as (with B being the branching ratio ≡ Br),
αPRA = B[I → F ]− B[I¯ → F¯ ]/B[I → F ] + B[I¯ → F¯ ]
(3)
is then given for D0 → h+h− by,
αhh = 2λ
4Phh sin(δst) sin(γ)/Thh (4)
In charm decays (unlike K or B), it is exceedingly difficult
for the penguin correction to make a sizable contribution
to the total rate given the intrinsic CKM-suppression fac-
tor of λ4. In fact it is worth noting that even for K-
decays, lattice simulations [16, 17] have clearly demon-
strated that once one uses a renormalization point above
around 1.5 GeV the penguin contribution to the rate for
K → pipi, in the isospin = 0 channel, is very small <∼ 1%.
Thus, in charm decays, one can safely assume tree
contribution dominates. This has the immediate con-
sequence that the PRA [18],
αhh ∝ 1/
√
B (5)
It will be explained a bit later that this simple expecta-
tion gets modified appreciably because the resonance is
influencing the numerator of (4).
It is to be stressed again that reliable method(s) for
calculating matrix elements for such purely hadronic fi-
nal states do not exist and at best we can make some
rough estimates. Retaining only the factorizable matrix
elements leads to an approximate expression for the tree
amplitude,
thh = (GF /2
√
(2))(C2 + C1/3)fKf(0)m
2
D (6)
where GF is the fermi constant, C’s are the Wilson coef-
ficients, fK is the kaon pseudoscalar decay constant, f(0)
is the D → K semi-leptonic form factor at q2 = 0 [19]
and mD the D
0 mass. For numerical purposes a renor-
malization point, µ = 2GeV is used throughout.
In the resonance approximation, the corresponding
(real part) of the penguin amplitude is roughly estimated
as,
Phh = (GF /2
√
(2))C6A
2
√
(ρ2 + η2)
(fDmD/mc)Kfm
2
f (7)
where η, ρ and A are the usual Wolfenstein parameters,
fD the decay constant [19], mc the charm quark mass (at
µ) and mf the mass of the f0 and Kf is ≈ 3.7 estimated
from the width of the f0.
Using all the above input into (4) one finds,
αK+K− ≈ 5.5× 10−4 (8)
In deducing this we have used from [5] Γ(f0 →
KK)/Γf0 ≈ 0.4.
Interplay of CPT & resonant CP
Because of the CPT constraint that life-time of particle
must equal to that of its antiparticle, we must have,
∑
X
∆Γ(X) = 0 (9)
where X are the various final states that emerge from the
decays of D0 and
∆Γ(X) = Γ(D0 → X)− Γ(D0 → X)
Since at the quark level in charm decays there are only
two channels, c→ ud¯d and c→ us¯s, this means because
of CPT we must have [20, 21],
∆Γ(c→ ud¯d) = −∆Γ(c→ us¯s) (10)
At the meson level, it is suggested [20] that this materi-
alizes into,
∆Γ(pi+pi−) = −∆Γ(K+K−) (11)
Using the tree dominance, as emphasized above, one then
arrives at the relation,
αK+K− ∝ −αpi+pi−/
√
2.8 (12)
where, we have taken for simplicity that the two Brs differ
by about
√
2.8 [18].
However, f-dominance of the penguin amplitude, in the
h h channel that is our central focus, appearing in the
numerator of (4) modifies this expectation appreciably.
This is because, it appears that [5].
Br(f0 → pipi)/Br(f0 → KK) ≈ 0.4 (13)
3Thus, since the penguin amplitude entering the numer-
ator of (4) is dominated by the f0 and its denominator
tends to go as
√
(Br), we find,
−αpi+pi−/αK+K− =
√
(0.4× 2.8) ≈ 1.06 (14)
though, it must be stressed that the central value of
0.4 [5] has large uncertainty. The minus sign is based
on expectations from CPT [20]. This has the important
consequence that ∆ACP (1), as defined by LHCb, is ac-
tually larger in magnitude than αK+K− or αpi+pi− . For
LHCb their ∆ACP is an observable that allows them to
overcome the problem that LHC is a pp machine (so the
initial state is not self-conjugate) and related background
issues. A determination of the individual asymmetries,
αK+K− and αpi+pi− , should be given high priority by
LHCb as well as by Belle-II; some experimental efforts
in this direction are already underway [22–24].
IMPLICATIONS AND POSSIBLE TESTS
The resonance dominance idea has several interesting
experimental consequences.
• f0 is likely rather rich in gluonic content [25].
This may also facilitate an understanding of the
f0 branching ratio being larger into K
+K− than
into pi+pi− since low energy QCD dynamics sug-
gests that the couplings of scalar and pseudo-scalar
glueballs to quarks (and mesons) is likely mass
dependent [26, 27]. Moreover, it may also at
least partly explain why the D0 branching ratio
(which as explained in preceding paras is domi-
nated by the tree operators, Q1 and Q2) exhibits
such a large breaking of SU(3). Factorization does
suggest Br(D0 → K+K−)/Br(D0 → pi+pi−) ≈
[(fK/fpi) × (f0(m2K)/f0(mpi2)]2 ≈ 1.7 which still
falls short of the 2.8 seen by experiment. We sug-
gest that this long-standing difficulty has its ori-
gin in our resonance hypothesis. The point is that
while it is readily seen that 0++ operators such
as Q6 cause mixing with f0 that does not mean
that the tree operators Q1, Q2 will not mix with
scalars. Perturbation theory suggests a (QCD)
loop-suppressed mixing for the L × L tree opera-
tors; however, this is likely an under-estimate given
the rich gluonic content of the f0.
• Over the years, the PRA for D0 → KsKs, αKsKs ,
has been of considerable interest [20, 28, 29] as it is
expected to be larger than in K+K−. With the res-
onance idea isospin dictates that the corresponding
penguin amplitude appearing in the numerator of
(4) will be smaller by a factor of two. On the other
hand, the branching ratio into 2 Ks is smaller than
into K+K− by a factor of about 23 [5]. Thus we
should expect,
αKsKs/αK+K− ≈
√
(23/4)
≈ 2.4 (15)
• In this resonance hypothesis one can also find a
relation between the PRA for D0 to 2 pi0 versus to
pi+pi−. Due to isospin we should expect amplitude
for f0 to two pi
0 to be approximately the same as
to charged pions. Given the tree dominance in D0
decays and using the known branching ratios into
neutral and charged pions (this ratio is about 0.56),
one can deduce that αpi0pi0 = 1.3 αpi+pi− .
• In an analogous fashion to f0(1710), the 4-quark
operators also generate terms that go as P×P such
as (u¯γ5c)(u¯γ5u) which lead to a D
0 transition to
η(1760), possibly contributing dominantly to final
states of the type η′(η)pi+pi−, 2 pi+ 2 pi− etc. These
could exhibit other types of CP asymmetries such
as energy or triple correlation but to demonstrate
that will, of course, require flavor tagging of the
initial D0.
RD(∗) ANOMALY AND NEW PHYSICS IN
B-PENGUIN CONTRIBUTION TO CHARM
DECAYS [18]
In charm decays there are as always three standard
penguin contributing amplitudes. They proceed via a
virtual d-quark, a virtual s-quark and a virtual b-quark.
In the SM with the CKM matrix in the Wolfenstein con-
vention the b-penguin is the one that carries the dom-
inant CP-odd phase at the Vub vertex (see Fig 2); in
fact to a good approximation this is the angle γ of the
unitarity triangle, as already identified in the discussion
above. It is interesting to note that in the past ≈ 5 years
there has been considerable excitement as experiments
at Babar [30, 31], Belle [32–35] and LHCb [36, 37] in-
volving the studies of simple semi-leptonic B-decays via
B → D∗l(τ)ν have been exhibiting signs of lepton univer-
sality violations (LUV) amounting to about 3 σ. If these
signs of possible new physics withstand further scrutiny
and do become a reality then because of naturalness ar-
guments as alluded to before there may be an important
impact on the b-penguin in charm decays as then the c-b
vertex therein may well carry a BSM-CP-odd phase as
well; see Fig 2. Regrettably because of our inability to
calculate things reliably, it may not be easy to quanti-
tatively discern the effects of a new CP-odd phase from
that of the CKM-phase; however, it is hoped that lattice
and/or phenomenological techniques can address some of
the relevant issues. (See below)
4BRIEF REMARKS ON RADIATIVE CHARM
DECAYS
CP violation in radiative decays of charm mesons has
been of considerable interest in recent years [20, 38–42].
We limit our discussion to a few remarks. First is to
draw attention to a new class of radiative decays of D’s
to heavy nearby resonances. Two good examples are
φ(1680) and ρ(1700) [5]. The φ has a mass of about 1680
MeV and width around 150 MeV and predominantly de-
cays to KK∗(892) and the ρ has a mass of 1702 MeV,
width around 250 MeV and decays to ρpipi, 2 (pi+pi−) etc.
These radiative decays are accompanied by rather soft
photons with maximum energies of about 300 MeV. The
branching ratios of these modes should also be around a
few ×10−5 roughly similar to γρ(770) and γφ(1020) [5]
and likely somewhat bigger. The dominant production
mechanism is weak annihilation tree graph (See Fig 1 as
for 2 Ks) and receive sub-dominant contributions from
radiative penguins. Just as in the case of 2 Ks these
should exhibit sizeable CP asymmetries, perhaps O(few
×10−3). Depending on the final state they can lead to
energy and triple correlation asymmetries as well. It is
important to note that the PRA in γρ and γφ will have
opposite signs because of CPT, as explained above. It is
likely therefore that there are advantages in defining, as
in ∆ACP , difference in radiative asymmetries,
∆AγCP = αγφ − αγρ (16)
It is also likely that CP asymmetry, αγρ will be larger
than αγφ since the Br of the former is smaller and also
because the u¯u pair in the penguin needs to convert to
s¯s for the case of φ. Lastly, an important challenge for
theory is to render these into precision test of the SM.
We turn to this issue briefly below.
POSSIBLE ROLE FOR THE LATTICE
Lattice techniques are currently being used [16, 43] to
address K → pipi and the direct CP violation parameter,
′, for that. These are based on the Lellouch-Luscher [44]
method which cannot be used as such for D decays as
many multi-particle states lie below mD; nevertheless ef-
forts are continuing [45, 46] to address this difficulty. Be
that as it may, it may sill be possible to study the weak
transition of D0 → f0(1710) or D0 → η(1760) using lat-
tice techniques though this may have its own challenges.
At this point in time, known lattice methods [47–52] ap-
pear best suited to provide the SM expectation for αγρ
and αγφ wherein phenomenological approaches may also
have a good chance for some success [53–56].
SUMMARY
Summarizing, it is suggested that resonances near D0
may be facilitating the partial rate asymmetry measured
recently by LHCb. The scalar state f0(1710) carrying
quantum numbers of the vacuum is likely dominating de-
cays to K+K− and pi+pi− while the neighboring pseudo-
scalar state η(1760) may be dominating multi-particle (4
pions) final state. As such the η(1760) is likely enter-
ing the dynamics of other asymmetries such as energy
or triple correlation in those final states. We also briefly
discuss CP violation in radiative charm decays and in
particular emphasize that PRA’s in D0 → γρ and to
γφ should be sizable and seem most promising for pro-
viding precise tests of the Standard Model. Lastly, it is
to be stressed that the f0(1710) and η(1760) discussed
here should be viewed as illustrations of the important
effects nearby resonances can have on CP asymmetries.
It has been known for a long-time that the charm region
is rich with resonances and in fact there may be more
that are not there yet [57, 58] in [5] but if confirmed,
could have important impact on quantitative discussions
on CP asymmetries in charm decays.
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Note added I
While this paper was being prepared [59–63] appeared
also addressing [1].
Note added II
We briefly recall that few years ago there were some
experimental hints for a somewhat larger ∆ACP [64, 65].
This led to intense theoretical activity [20, 66–75] result-
ing in a better understanding of the predictions of the
SM.
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8FIG. 1. Some diagrams contributing to charm decay; glu-
ons causing pair creation are not shown. Top to bottom:
color-allowed tree; color-suppressed tree; weak annihilation
and penguin. Color allowed tree is relevant to modes such as
K+K− and pi+pi−, color-suppressed one for pi0pi0 and weak-
annihilation for KsKs. Since αs(mcharm) is not that small,
these distinct topologies especially for the color-suppressed
tree and the weak annihilation can receive large corrections
due to final state interactions.
9FIG. 2. b-penguin in charm decay; left c-b (red) vertex
may have a CP-odd phase endowed by new physics affecting
RD(∗) whereas the right b-u (blue) vertex contains the SM-
CKM phase.
